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Hepatic a2m-globulin localizes to the cytosol of rat proximal ported in membrane-bound vesicles to lysosomes are
tubule cells. degraded, and their constituent amino acids are recycled
Background. a2m-Globulin (A2), an 18.6 kD protein of he- [1–3]. To date, accumulation of an exogenous, physiolog-patic origin, accumulates in the proximal tubule as an abundant,
ically relevant protein in the cytosol of the renal epithe-15.5 kD cleavage product termed “A2-fragment” (A2-f). A2-f
lial cell (REC) has not been reported. Using standardfacilitates proximal tubule fatty acid oxidation, presumably by
binding hydrophobic ligands. This requires some A2-f to enter techniques for isolating low molecular weight molecules
the cytosol of the renal epithelial cell (REC). The localization that bind hydrophobic ligands, we and others purified a
of A2/A2-f in the proximal tubule cell was evaluated in this soluble 15.5 kD protein from the male rat kidney [4–6].study.
This abundant protein has an identical primary sequenceMethods. Immunoblot analysis of renal cortical homoge-
to amino acids 10 to 160 of hepatic a2m-globulin (namednates separated by differential centrifugation and quantitative
immunoelectron microscopy (IEM) was performed to localize “A2” in [7]). Although A2 mRNA is present in the liver,
A2/A2-f using an affinity-purified antibody that detects both it cannot be detected in the kidney by polymerase chain
proteins. To evaluate A2 as a physiologically relevant ligand, reaction [8]. A comparison of the primary structure ofthe accumulation of A2-f in the female rat kidney (normally
these two proteins suggests that A2 is converted to A2-devoid of A2-f) was examined after the induction of hepatic
fragment (A2-f) by limited proteolysis, most likely withinA2 synthesis. Ligand binding, uptake, and degradation assays
were used to assess A2 processing by RECs in vitro. the renal parenchyma [9–11].
Results. Although A2 and A2-f were detected in the “lyso- A2-f, a 15.5 kD protein, is unusually abundant in thesomal” fraction, only A2-f was found in the soluble protein male kidney, where it represents as much as 5% of totalfraction. IEM confirmed the presence of significant signal in
soluble protein [4, 5, 7]. A2-f binds hydrophobic ligands,the vesicular and lysosomal as well as the cytosolic compart-
including long-chain fatty acids [4], and has been local-ments. In contrast, both b2m globulin (B2) and cathepsin B were
restricted to endosomes. In the female rat, induction of hepatic ized predominantly to the proximal tubule [5, 6, 8]. Al-
A2 production resulted in A2-f accumulation in the renal cortex. though the function of A2-f in the kidney is unclear,In RECs in culture, uptake of A2 and B2 demonstrated nonsatu- recent studies using isolated proximal tubule segmentsrable, nondisplacable surface binding and similar uptake rates.
in suspension suggested that A2 fragment facilitates bCompared with B2, A2 was markedly resistant to degradation.
oxidation of long-chain fatty acids [8]. These findingsConclusions. A fraction of A2 escapes lysosomal degrada-
tion, permitting A2-f to accumulate in the cytosol of the proxi- suggest that A2-f accumulates in the epithelial cell of the
mal tubule epithelial cell. A2 may represent an unusual example proximal tubule. For this to occur, at least a fraction of
of a physiologic protein capable of accumulating in a distant the protein must escape lysosomal degradation and entercell type.
the cytosol, the location of other proteins known to facili-
tate fatty acid transport [12, 13]. Direct evidence that A2
and/or A2-f localize to the cytosol of the proximal tubuleMost low molecular weight proteins that enter the
epithelial cell is lacking, however.glomerular filtrate undergo endocytosis by the proximal
In this study, three low molecular weight proteins weretubule epithelial cell [1–3]. These proteins are trans-
immunolocalized in fixed, in situ perfused renal tissue
by transmission electron microscopy (EM). Quantitative,
ultrastructural morphometric analysis showed that a sig-Key words: fatty acid binding protein, renal epithelial cell, protein
transport, long-chain fatty acid. nificant number of immunogold-labeled A2/A2-f local-
ized to the cytosol of the proximal tubule epithelial cell.Received for publication March 3, 1999
In contrast, neither b2m-globulin, an 11.7 kD protein thatand in revised form September 28, 1999
Accepted for publication October 11, 1999 undergoes glomerular filtration nor cathepsin B, a lyso-
somal cysteine protease, were detected in the cytosol.Ó 2000 by the International Society of Nephrology
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We suggest that the processing of hepatic A2 to A2-f and resis (SDS-PAGE) and then transferred to a nitrocellu-
lose membrane for immunoblot analysis [8]. A2 and A2-fthe subsequent accumulation of A2-f in the cytosol of
the proximal tubule may represent a novel example of were detected with an affinity-purified, polyclonal anti-
body raised against A2-fragment isolated from male ratprotein trafficking.
kidney as previously reported [4, 8]. b2m globulin (B2) was
detected with a polyclonal, antihuman antibody raised in
METHODS
a rabbit host. The primary antibody was detected with a
Materials goat antirabbit antibody (1:2000 dilution) followed by a
horseradish-peroxidase–based, enzyme-linked chemilu-All reagents were obtained from Sigma Chemical (St.
Louis, MO, USA) unless otherwise indicated. minescent system (Lumiglow; Kirkegaard & Perry Labs,
Gaithersburg, MD, USA).
Cell culture
Immunologic localization of A2, B2 and cathepsin B byOpossum kidney (OK) cells were obtained from the
electron microscopyAmerican Type Culture Collection (ATCC #CRL-1840)
and were grown in Dulbecco’s modified Eagle’s medium A modification of the method of Bowdler, Griffiths,
and Newman was used for quantitative ultrastructural(DMEM; GIBCO BRL, Grand Island, NY, USA) to
which 10% fetal calf serum (FCS) was added. Cells were immunocytochemistry [17]. All procedures were con-
ducted using solutions at room temperature unless speci-used within 72 hours of achieving confluence, as assessed
by visual inspection with a phase-contrast microscope. fied otherwise. Renal tissue was fixed by in situ vascular
perfusion at a fixed perfusion pressure of 100 mm HgWhere indicated, FCS was removed for at least 24 hours
prior to studying the cells. with 2.5% glutaraldehyde in Sorenson’s phosphate buf-
fer (0.1 mol/L each of NaH2PO4 and Na2HPO4, pH 7.3).
Renal tissue and cell fractionation The kidney was removed, and 1 3 3 3 3 mm pieces of
cortex were fixed for an additional two hours. They wereMale rat kidneys were divided into brush border, lyso-
somal, mitochondrial, and soluble protein (cytosolic) then washed three times for 1.5 hours each in buffer and
held overnight. Tissues were transferred to 2% aqueousfractions by homogenization and differential centrifuga-
tion at 48C using established methods [14, 15]. Adult uranyl acetate for 30 minutes and rinsed three times for
10 minutes each in water. They were partially dehydratedmale rats were anesthetized with sodium pentobarbital
(0.1 mL/100 g body wt, intraperitoneally). After in situ in ethanol (20 min in 50% EtOH, two times for 20 min
each in 70% EtOH) and then infiltrated with LR whiteperfusion with a solution containing 0.3 mol/L sucrose
(48C, pH 5 7.40), kidneys were bluntly dissected on ice resin (medium grade without accelerator; Ted Pella, Inc.,
Redding, CA, USA). Changes of fresh resin were madeinto outer and inner renal cortex, outer and inner stripes
of the outer medulla and the papilla. For cell fraction- twice after 1.5 hours and overnight using absorbent paper
to remove as much resin as possible between each step.ation experiments, renal cortex was removed, and cubes
of fresh tissue were obtained using a single-edged razor Tissues were transferred to resin-filled gelatin capsules,
which were then capped and placed overnight in a 588Cblade. Cubes of cortical tissue suspended in 0.25 mol/L
sucrose (1:9 wt:vol; in 50 mmol/L Tris-HCl buffer, pH 5 oven.
Semi-thin sections were cut and stained with methyl-7.0, 48C) were subjected to gentle homogenization in a
Potter-Elvehjem homogenizer by five strokes of a motor- ene blue to identify proximal convoluted tubules. Silver
sections were cut with a diamond knife and collecteddriven, Teflon-coated pestle rotating at 250 r.p.m., as
described by Lock et al [14]. Cellular fractions were onto 200 mesh, standard-bar nickel grids. Immunostain-
ing was carried out by immersion of grids in drops ofisolated from the initial renal cortical homogenate by
differential centrifugation using criteria reported by the appropriate reagent on dental wax. Grids were first
immersed for five minutes in blocking buffer [Dulbecco’sFowler, Lucier, and Hayes [15] for lysosomes (pellet
obtained at 29,700 3 g) and cytosol (supernatant ob- phosphate-buffered saline (PBS) with 1% bovine serum
albumin (BSA)] and then transferred to drops of primarytained from a 117,000 3 g). Enrichment of the lysosomal
fraction was estimated from the increment in the relative antibodies diluted with immunobuffer (PBS with 0.5%
BSA, 0.1% fish skin gelatin, 0.05% Tween 20). Primaryspecific activity (RSA) of acid phosphatase (AP) [16]
using an established assay (described later in this article). antibodies included anti-A2 (1:50 dilution), anti-B2 (1:10
dilution), or anticathepsin B (1:10 dilution; The BindingThe RSA is expressed as a ratio of enzyme activity to
the protein content in each cell fraction. Site, Birmingham, UK). After one hour, grids were
washed three times for one minute each in primary im-
Immunologic detection of A2 and B2 in cultured cells munobuffer and then placed in drops of a goat antirabbit
or goat-antisheep IgG-10 nm gold conjugate diluted 1:10Samples of cell homogenate were separated by 12%
sodium dodecyl sulfate-polyacrylamide gel electropho- with a second immunobuffer (PBS with 0.5% BSA, 0.1%
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gelatin, 0.05% Tween, 1% goat serum, 0.5 mol/L NaCl obtained from female renal cortex harvested 15 days
after ovariectomy.final concentration). After one hour, grids were washed
three times for one minute each in PBS and rinsed twice
Isolation, purification, and labeling of A2 and B2for five minutes each in water and stained with uranyl
acetate and lead citrate prior to examination by EM. To A2 (18.6 kD) and B2 (11.7 kD) were isolated from
male rat urine and male human urine, respectively, usingevaluate the specificity of immunogold staining, nonim-
mune rabbit or sheep IgG was substituted (1:1 wt:wt) established methods [20, 21]. Ligands were processed to
.90% purity, as assessed by Coomassie blue or silverfor the anti-A2/A2-f and B2 primary antibodies.
The labeling density of immunogold staining was stain following SDS-PAGE. Purified A2 and B2 were
iodinated with [125I] using enzymatic method using thequantitated by taking micrographs of randomly chosen
tubular epithelial cells and enlarging random areas of lactoperoxidase-glucose oxidase reaction (Enzymobead
Reagent; Bio-Rad Labs, Richmond, CA, USA).cytoplasm to a final 8 3 10 inch print magnification
of 339,500. Each micrograph was arbitrarily subdivided
Ligand binding, uptake, degradation and assaysinto six to eight rectangular regions of interest (ROI),
which were then captured individually by a Chromachip Binding assay. After a series of three washes with
PBS, the time required to achieve steady state bindingII camera (Javelin Electronics, Torrance, CA, USA) and
displayed on a 14-inch Sony monitor by the Optimas was assessed in OK cells grown in 35 cm2 Petri dishes
with 0.5 mL of serum-free medium containing [125I]-A2Image Analysis computer program (Optimas Inc., Bo-
thell, WA, USA). After measuring the total ROI area, or [125I]-B2 (1.6 3 104 cpm/mg) for 0 to 120 minutes at 48C.
Saturation binding, as described by Schwartz, Fridovich,the cross-sectional areas of cellular compartments were
determined by electronically tracing the outline of in- and Lodish, was evaluated by incubating OK cells for 60
minutes at 48C [22]. To assess disociable surface binding,vaginations, vesicles, coalescing vacuoles, lysosomes,
Golgi, mitochondria, and portions of nuclei that ap- cells were incubated with a 50-fold excess of nonradiola-
beled ligand in the presence of A2 or B2. In separatepeared in the ROI. In specimens stained with anti-B2 or
cathepsin B antibodies, only the lysosomal and cytosolic studies, binding saturation was evaluated over a broad
range of ligand concentrations (1 nmol/L to 1 mmol/L).compartments were quantitatively analyzed. The area of
the cytosolic compartment was calculated by subtraction This range of A2 completely encompasses the physiologic
range of A2 concentrations measured in the male tubularof the sum of identified compartments from the total
area in each ROI. Gold particles were counted manually fluid (1.9 to 9.9 mmol/L) [23]. B2 binding studies were
performed using a similar range of ligand concentrations.and expressed per square micron of each cellular com-
partment. Values for individual compartments were to- After incubation, cells were washed three times with 2
mL of buffer to remove nonbound ligand (PBS, pH 7.40,taled for each ROI. Nonspecific background gold particle
counts for the A2 and B2 studies were obtained from at 48C). After removing the final wash, the cells were
permeabilized with 0.8 mL of 1 N NaOH. The cells werepaired control sections exposed to nonimmune rabbit or
sheep IgG substituted for the primary antibody. Because harvested using a rubber policeman, and the entire ali-
quot was placed in a g scintillation counter.the cathepsin B study was performed to confirm the
adequacy of tissue fixation (that is, to assess the potential Uptake assay. The rate of ligand uptake at 378C was
estimated from the slope of the uptake curve during theleak of lysosomal contents), extralysosomal and nontis-
sue background was used to evaluate nonspecific binding rapid phase of [125I]-ligand uptake (between 0 and 4 h
of incubation time) in cells exposed to labeled A2 or B2.by the anticathepsin B antibody. In all EM studies, back-
ground was subtracted from specific staining before a To stop uptake and to clear the surface of noninternal-
ized ligand, cells were acid washed three times (3 minstatistical comparison on each cell compartment was per-
formed. per wash, 2 mL each wash, pH 4.0, at 48C) prior to
harvesting. In OK cells grown in 35 mm2 dishes incubated
Induction of A2 synthesis in female rats with labeled A2 or B2 for 30 seconds to 60 minutes at
48C, three acid washes (3 min per wash of 2 mL each)To determine whether A2 is a physiologically relevant
ligand, hepatic A2 production was induced in female were sufficient to remove nearly all of the surface radio-
activity. Internalized ligand was measured by countingWistar rats (250 g) by bilateral ovariectomy combined
with androgen stimulation [18, 19]. One week postopera- the entire aliquot of harvested cells after digestion with
1.0 mL of 1 N NaOH. Results of the A2 and B2 bindingtively, animals were injected daily with a long-acting
androgen (testosterone enanthate suspended in sesame assays were assessed using Ligand software (P.J. Munson
and D. Rodbard, National Institutes of Health, Be-oil, 1 mg/100 g body wt, subcutaneously; United Re-
search Labs, Bensalem, PA, USA). To confirm the induc- thesda, MA, USA).
Degradation assays. Ligand degradation was qualita-tion of A2 and the accumulation of A2-f, immunoblot
analysis was performed on the soluble protein fraction tively and quantitatively assessed by immunoblot analy-
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sis and ligand degradation assays, respectively [24]. Im-
munoblot analysis was performed on cells incubated
for 24 hours in serum-free DMEM that contained 20
mmol/L purified A2 and B2. After acid washing, cells in
individual 35 cm2 dishes were harvested at 0, 2, 4, 6, 8, and
24 hours after removing both of the unlabeled ligands.
Samples were subjected to 12% SDS-PAGE. In a paral-
lel study, the time course of A2 and B2 degradation was
determined with [125I]-labeled ligands. Cells were pulsed
with either 1 mmol/L [125I]-A2 or [125I]-B2 in DMEM for
24 hours and acid washed three times with PBS at 48C.
Aliquots from individual 35 cm2 dishes were harvested
0, 2, 4, 6, 8, and 24 hours later (“chase”). To measure
cell-associated ligand, cells were exposed to 1 N NaOH,
and the entire sample was counted in a g-scintillation
counter. Data were expressed as the percentage of cell-
associated A2 and B2 radioactivity remaining at each time
point during the 24-hour chase.
To evaluate A2 degradation by cellular proteases, an Fig. 1. Distribution of a2m globulin (A2) and A2 fragment (A2-f ) in
iodotyrosine assay was performed in confluent cell male rat kidney. Soluble protein fractions from various regions of male
rat kidney were subjected to immunoblot analysis after 12% SDS-monolayers incubated at 378C for 0 to 24 hours with 10
PAGE. Purified A2 and A2-f obtained from male urine and renal cortex,mmol/L [125I]-A2. In this assay, the presence of iodotyro- respectively (lane 1), outer cortex (lane 2), inner cortex (lane 3), outer
sine in the medium estimates the breakdown of iodine- stripe (OS) of the outer medulla (lane 4), inner stripe (IS) of the outer
medulla (lane 5), and papilla (lane 6) are shown. The total proteinlabeled ligands [24]. An aliquot of medium was removed
concentration (in mg) is indicated beneath each lane. Molecular weightat several time points and sampled for the presence of
markers are shown in kilodaltons (kD). A representative blot obtained
iodotyrosine using an established procedure [24]. In from three separate studies is shown.
brief, 250 mL of medium were mixed with 750 mL of
20% trichloroacetic acid (TCA) and allowed to stand
for 20 minutes at 48C, and the mixture was centrifuged
Hercules, CA, USA) and are expressed in milligrams(12,000 3 g for 5 min). Supernatant (500 mL) was trans-
protein per milliliter.ferred to an eppendorf tube containing 5 mL of 20%
potassium iodide solution and 20 mL hydrogen peroxide
Statistical analysisand was mixed and then allowed to stand at 258C for
Data are expressed as the mean 6 SE and were ana-five minutes. After centrifugation, 0.5 mL of chloroform
lyzed with standard statistical software (Statview 4.1;was added. The mixture was vortexed and allowed to
Abacus Concepts, Berkeley, CA, USA). In protocolsstand for five minutes at 258C. Duplicate aliquots of the
involving more than two groups, the results were evalu-upper phase (inorganic layer) were placed in a g counter.
ated by analysis of variance using Fisher’s post hoc test.The result was corrected for the initial well volume. Cell-
When two groups were compared, analysis was per-associated radioactivity was also measured at each time
formed by an unpaired, two-tailed Student’s t-test. A Ppoint. Cells were acid washed three times at 48C to re-
value of ,0.05 was considered significant.move ligand from the cell surface and then incubated
overnight in 1 N NaOH. The entire cell fraction was
counted in a g-scintillation counter. RESULTS
Acid phosphatase assay. AP activity was determined
Intrarenal localization of A2 and A2-f in maleover a four-minute time interval using a kinetic assay
rat kidneyadapted from Hofstee [25]. This assay measures the rate
The content and distribution of immunoreactive A2of hydrolysis of the substrate o-carboxyphenyl phosphate
and A2-f varied by region within the male kidney (Fig.assuming that one unit of AP hydrolyzes 1 mmol of sub-
1). A2 (18.6 kD) was readily detected in both the outerstrate per minute at 258C, pH 5.0. Linearity of the assay
and inner renal cortex (lanes 2 and 3). In contrast, A2was confirmed using 0.1 to 1.0 mg/mL of purified AP
fragment (15.5 kD) was observed primarily in the outerobtained from wheat germ (Worthington Biochemical,
cortex (lane 2). Although less abundant than in the renalFreehold, NJ, USA), as well as in samples obtained from
cortex, immunoreactive proteins were also detected inrenal cortical homogenates and the lysosomal fraction.
both the renal medulla and papilla after increasing theProtein assay. Protein concentrations were deter-
mined from a colorometric dye binding assay (Bio-Rad, total protein content in these samples by fivefold (from
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cytosol (Fig. 3C). Higher magnification confirmed the
presence of numerous gold particles in a non-membrane-
bound (that is, a cytosolic) compartment adjacent to
clustered ribosomes known to reside in the cytosol (Fig.
3C, inset). Gold-particle density (corrected for nonspe-
cific staining) was assessed in 31 to 396 identifiable com-
partments in $12 separate regions of male renal cortex.
Quantitative morphometry revealed statistically signifi-
cant staining compared only in lysosomes, vesicles/vacu-
oles, and the cytosol (P , 0.0001; Table 1). Nuclei, mito-
chondria, Golgi, and surface invaginations contained
amounts of gold label that were not significantly greater
than the background (P . 0.05 vs. control). A2/A2-f was
significantly more abundant in the lysosomes than in
either vesicles or cytosol (P , 0.05).
After identical tissue preparation and fixation, male
renal cortex was subjected to quantitative ultrastructural
analysis to localize both B2, a low molecular weight pro-Fig. 2. Cellular fractionation of A2 and A2-fragment in male renal
cortex. Soluble protein fractions (5 mg total protein) obtained from tein completely degraded by REC lysosomes [1], and
homogenates (lane 1), lysosomes (lane 2), and “cytosol” (high speed cathepsin B, a lysosomal-specific protease [16]. Althoughsupernatant, lane 3) of male renal cortex were subjected to immunoblot
B2 (Table 2) and cathepsin B (Table 3 and Fig. 4) wereanalysis after separation by 12% SDS-PAGE, as described in the Meth-
ods section. Three separate studies were performed. A representative abundant in the endosomal compartment (for example,
immunoblot is shown. lysosomes), significant amounts of either ligand were not
detected in the cytosol.
Accumulation of A2-f in the female rat kidney5 to 25 mg protein, lanes 4 through 6). The distribution
of A2 and A2-f within the medulla (lanes 4 and 5) and The absence of detectable amounts of immunoreactive
protein in the kidney (Fig. 5, lane 1) makes the femalepapilla (lane 6) also exhibited marked regional variation.
rat an ideal model for determining whether A2 can be
Intracellular localization of A2 and A-f in male processed to A2-f in vivo. After inducing the hepatic
rat kidney production of A2, both A2 and A2 fragment were protein
in the soluble protein fraction obtained from female re-Cell fractionation resulted in an 11.6-fold increase in
the RSA of AP relative to the initial homogenate. In nal cortex (lane 2). The apparent molecular weight of
these two immunoreactive proteins was indistinguishablecontrast, the cytosolic fraction was de-enriched in AP
by 10.3-fold relative to the lysosomal fraction. Compart- from those observed in the normal male renal cortex
(lane 3).mental variation in the intracellular distribution of A2
and A2-f was clearly observed. Both A2 (19 kD) and A2-
Processing of A2 and B2 by renal epithelial cellsfragment (15.5 kD) were detected in homogenates of
in vitrorenal cortex (Fig. 2, lane 1). Similarly, the lysosomal
fraction contained both of the protein species (lane 2). To determine whether the cellular accumulation of A2
could be attributed to preferential ligand binding (thatIn contrast, A2-f was the predominant protein species
detected in the high speed supernatant (lane 3). is, by an A2-specific receptor), increased uptake and/or
to relatively slow degradation, the in vitro processing ofBy immunoelectron microscopy (IEM), low-power
views of unstained sections of male renal cortex revealed A2 was compared with that of B2 in OK cells. Because
equilibrium binding of A2 and B2 to cells at 48C wasa well-preserved brush border, numerous coalescing vac-
uoles, mature vesicles, and lysosomes in the subapical observed after 45 and 30 minutes, respectively (data not
shown), a 60-minute incubation time was used in allregion, as well as a large, central nucleus (Fig. 3A). Sub-
stituting nonimmune rabbit serum for the first antibody subsequent ligand-binding studies. Binding did not ex-
hibit saturation when cells were incubated with eitherresulted in minimal background staining (Fig. 3B). This
nonspecific background was homogeneously distributed A2 or B2 over a wide range of ligand concentrations (1
nmol/L to 1 mmol/L). Representative curves for A2 (54in all cellular compartments and represented less than
5% of the signal obtained in tissue exposed to the A2 nmol/L to 54 mmol/L) and B2 (4.2 to 68 mmol/L) are
shown in Figure 6 A and B. In these two studies, labeledantibody. In sections exposed to an affinity-purified anti-
body that detects both A2 and A2-f, abundant gold stain- A2 and B2 were not displaced despite the presence of
a 50-fold excess of unlabeled ligand. Surface bindinging was observed in lysosomes, vesicles/vacuoles, and the
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Fig. 3. Immunogold localization of A2 /A2-f in male renal cortex. Tissue
sections containing proximal tubules obtained from male rat renal cor-
tex were evaluated by electron microscopy using 10 nm gold-labeled
secondary antibody to detect the presence of A2/A2-f. (A) Control:
low-magnification view of a male proximal tubular epithelial (311,900
magnification). (B) Control, high-magnification view cell in the presence
of nonimmune serum (339,200 magnification; C and inset). Affinity-
purified anti-A2-f antibody (339,200 magnification). (Inset) Numerous
gold particles (arrows) adjacent to a cluster of ribosomes (arrowheads)
within a region of the cytosol (3105,300 magnification).
appeared to be linear for both ligands. The r value for assessed during the initial, rapid phase (0 to 4 h) was
3.42 versus 3.30 ng/min for B2 and A2, respectively. Thethe relationship between exogenous ligand concentra-
tion and binding was .0.99 for both A2 and B2. Similar r values for this linear portion of each uptake curve
were virtually identical (0.93 and 0.99 for B2 and A2,binding curves were observed when the ligand concen-
tration was expanded to include the nmol/L and mmol/ respectively).
In contrast to the binding and uptake studies, markedL range (data not shown).
At 378C, [125I]-A2 or [125I]-B2 (1 mmol/L each) exhibited differences in the degradation rates of A2 and B2 were
observed. By immunoblot analysis, .90% of B2 was de-similar uptake kinetics. The uptake of both ligands was
prompt, occurring during the first eight hours (Fig. 6C). graded within two hours of removing the unlabeled li-
gand from the medium, whereas A2 persisted for at leastAt each time point between 1 and 24 hours, the uptake
of B2 exceeded that of A2. The rate of ligand uptake, 24 hours (Fig. 7A). After OK cells were simultaneously
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Table 1. Immunogold distribution of A2/A2-f in male renal cortex
Gold particles/mm2
Compartment Control Immunostained
Lysosomes 0.260.2 51.767.5a
Cytosol 0.160.2 15.161.3a
Vesicles/vacuoles 0.060.0 22.763.6a
Invaginations 0.060.0 17.6610.3
Mitochondria 0.660.4 2.060.7
Nuclei 0.060.0 2.360.7
Golgi 0.060.0 0.060.0
Extracellular space 0.060.0 3.060.3
Male renal cortex was subjected to immunostaining for A2 followed by ultra-
structural morphometric analysis, as described in the Methods section. Control
specimens were exposed to non-immune IgG in an amount equivalent to the
primary antibody (0.3 mg/mL). Data are expressed as mean gold particles per
square micrometer 6 SE. Analysis of the immunogold stain in lysosomal, vesicle
and cytosolic compartments included 30 to 396 distinct regions. Non-specific
staining (background) was identical in all cell compartments and averaged ,5%
of the signal observed in specifically immunostained sections. Abbreviations are
a2m-globulin (A2) and a2m-globulin fragment (A2-f). Fig. 4. Immunogold localization of cathepsin B in male renal cortex.
aP , 0.0001 for Immunostained vs. Control values by the Student’s t-test Tissue sections containing proximal tubules obtained from male rat
renal cortex were evaluated by electron microscopy, as described in
legend of Figure 3. Primary antibody directed against cathepsin B was
detected with a 10 nm gold-labeled secondary antibody. Numerous gold
particles localized to the lysosome (345,100 magnification). NontissueTable 2. Immunogold distribution of B2 in male renal cortex
background as well as the extra-lysosomal compartments served as
Specimen Compartment GP/mm2 an internal control for the lysosomal staining observed in this study
(Table 3).Control Lysosomes 6.860.8
Cytosol 7.161.2
Immunostained Lysosomes 17.762.7a,b
Cytosol 4.560.6
Male renal cortex was subjected to ultrastructural morphometric analysis after
immunostaining for b2m-globulin (B2), as described in the Table 1 legend. Control
specimens were exposed to non-immune IgG in an amount equivalent to the
primary antibody (3.3 mg/mL). Data are expressed as mean gold particles (GP)
per square micrometer 6 SE. Analysis of the immunogold stain in each cellular
compartment included evaluation of at least 43 distinct regions. Cytosolic staining
in control vs. immunostained specimens was not significantly different (P .
0.05).
aP , 0.05 for “Immunostained” vs. “Control” by ANOVA
bP , 0.05 immunostained lysosomes vs. immunostained cytosol
Table 3. Immunogold distribution of cathepsin B in renal cortex
Specimen Compartment GP/mm2
Immunostained Lysosomes 29.662.9a
Cytosol 0.360.1
Nuclei 0.460.1
Mitochondria 0.560.1
Fig. 5. Processing of A2 to A2-f by female rat renal cortex. ImmunoblotNon-tissue background 0.460.1
analysis of soluble protein fractions obtained from normal female renal
Male renal cortex was subjected to immunostaining for cathepsin B followed cortex (lane 1), female renal cortex after bilateral ovariectomy and
by ultrastructural morphometric analysis. Tissue samples were exposed to a testosterone administration (to induce hepatic synthesis of A2; lane 2),polyclonal, anti-human cathepsin B antibody (30 mg/mL). Data are expressed and normal male renal cortex (lane 3) are shown. Each lane contains
as mean gold particles (GP) per square micrometer 6 SE. Analysis of the immu-
5 mg of total protein content. Proteins were separated by 12% SDS-nogold stain in the cytosolic and lysosomal compartments included at least 12
PAGE. A representative immunoblot obtained from two separate stud-distinct regions. Lysosomal counts were significantly greater than for any of the
ies is shown.other cell compartments or for non-tissue background (aP , 0.05 by ANOVA).
The number of gold particles in each of the non-lysosomal compartments were
not significantly different from one another (P . 0.05). Counts observed in all
extra-lysosomal compartments as well as non-tissue background represented
,2% of counts observed within lysosomes and served as an internal control.
lysosomes contributed to its degradation, serial iodotyro-
sine measurements were performed using OK cells incu-
bated with [125I]-A2 for 0 to 24 hours. At each time point,
exposed to labeled ligand, B2 (but not A2) rapidly disap- the intracellular concentration of intact A2 exceeded that
peared (Fig. 7B). The half-life of B2 was estimated to be of the iodotyrosine degradation products. Intact A2 ac-
about two to three hours, whereas the half-life of A2 counted for 70% of the total intracellular content of
ligand at all time points (Fig. 7C).exceeded 24 hours. To confirm that A2 processing by
Wang et al: a2l-Globulin in rat proximal tubule cytosol1022
Fig. 6. Binding and uptake kinetics of a2m-globulin (A2) and b2m-
globulin (B2) by renal epithelial cells in vitro. Saturation binding analy-
sis. (A) Monolayers of opossum (OK) cells were incubated for 60 min-
utes at 48C with 54 nmol/L to 54 mmol/L [125I]-A2 (1.6 3 104 cpm/mg
protein) either with (j; r 5 0.994) or without (s; r 5 0.992) 50-fold
excess, unlabeled A2. Data represent the mean of triplicate determina-
tions obtained from three separate dishes at each ligand concentration.
Error bars are too small to be seen. These data are representative of
binding curves performed in the presence of 1 nmol/L to 1 mmol/L A2.
(B) Cells were incubated with 4.2 to 68 mmol/L [125I]-B2 (1.6 3 104
cpm/mg protein) with (j; r 5 0.989) or without (s; r 5 0.996) excess
unlabeled B2. All points represent the mean of triplicate determinations
from three separate assays. The error bars are too small to be seen.
The range of B2 concentrations is similar to that of A2 shown in panel
A. (C) Uptake of [125I]-A2 (j) or [125I]-B2 (s). Cells in individual culture
dishes were incubated for 0 to 24 hours at 378C in serum-free DMEM
that contained 1 mmol/L of either labeled ligand. At the time points
indicated, three separate monolayers were harvested, and the cell-asso-
ciated radioactivity was analyzed in triplicate samples obtained from
each monolayer using a g-scintillation counter, as described in the
Methods section. The error bars are too small to be seen.
DISCUSSION A2-f functions outside the endosomal compartment [7].
In this study, both in vivo and in vitro observations sup-The kidney plays an important role as a protein “scav-
port the hypothesis that A2-f accumulates in the cytosolenger,” degrading and recycling low molecular weight
of the proximal tubule epithelial cell. First, A2-f but notplasma proteins present in the glomerular filtrate. The
A2 can be immunologically detected in the high-speedbulk of these reabsorbed proteins is rapidly and com-
supernatant of renal cortical homogenates. Second, thepletely degraded by lysosomes of the proximal tubule
induction of hepatic A2 production results in the de novo[1–3, 26–29]. Several indirect observations suggested that
accumulation of A2-f in the female renal cortex. Finally,A2-f might reside in the cytosol of the proximal tubule
morphometric analysis of three proteins of similar sizecell: (1) A2-f is relatively abundant in the kidney [4, 5,
by EM demonstrates that only A2/A2-f localize to the7], making it unlikely to be restricted to an endosomal
cytosol.compartment; (2) the tertiary structure of A2 is similar
The present observations differ from previous reportsto that of the fatty acid binding proteins, known to local-
with regard to the intracellular distribution of A2/A2-fize to the cytosol [13, 14]; and (3) A2-f facilitates fatty
acid oxidation in the proximal tubule, suggesting that [5, 11]. Although A2 has been observed in the soluble
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Fig. 7. Degradation of A2 and B2. (A) Immunoblot analysis of A2 and
B2 degradation in vitro. Cells were simultaneously incubated at 378C
in DMEM that contained 250 mg each of A2 and B2. After 24 hours
(P-24), cells were thoroughly washed to remove exogenous ligand and
then incubated with ligand-free medium. At each time point indicated,
cells in individual culture dishes were harvested. An aliquot of the
soluble protein fraction (8 mg) was subjected to immunoblot analysis
after 12% SDS-PAGE using antibody directed against A2-f (upper
panel) or B2 (lower panel). A representative blot of three separate
experiments is shown. (B) To quantitate the rate of ligand degradation,
cells were transiently pulsed with 1 mmol/L [125I]-A2 (j) or[125I]-B2 (s)
for 24 hours at 378C. After labeled ligand was removed from the me-
dium, cells in individual dishes were harvested at the time points indi-
cated, and cell-associated radioactivity was analyzed in triplicate in a
g-scintillation counter. Data shown are mean of three separate experi-
ments. Each sample was measured in duplicate. Error bars are too small
to be seen. (C) Cells were incubated with 1 mmol/L [125I]-A2 for 0 to
24 hours in serum-free DMEM at 378C. At the time points indicated,
an aliquot of medium was removed and analyzed for [125I] degradation
products. Total A2 (j) was calculated from the sum of [125I] degradation
products (s) and total cell-associated radioactivity (3) as described in
the Methods section. All data points represent the mean of triplicate
determinations obtained from two separate assays. The intra-assay vari-
ability was ,10%.
protein fraction of kidney homogenates by several labo- more sensitive IEM with quantitative morphometry was
performed.ratories [4–7], this finding has been attributed to endoso-
Prior studies using standard light [30, 31] or EM [5]mal membrane disruption during organelle isolation [11].
detected immunoreactive protein predominantly in theIn this study, a leak of endosomal contents is unlikely
endosomes and lysosomes of the rat proximal tubule.to account for the A2-f detected in the high-speed super-
Discrepancies in the immunolocalization of A2/A2-f maynatant. Because both A2 and A2-f are anionic, similar
be due to important methodological differences. In con-in size and in their degree of hydrophobicity, simple
trast to previous studies in which primary antibody wasdiffusion should cause both proteins to leak. Further-
raised against urinary A2 [5, 6, 26, 30, 31], this study usedmore, an endosomal leak is unlikely to result in the antibody against renal A2-f. In prior studies, preservation
selective enrichment of A2-f in the soluble protein frac- of immunogenicity was not a primary goal and ultrastruc-
tion (Fig. 3, lane 2 vs. 3). The lysosomal and cytosolic tural morphometric analysis was not performed. In this
fractions in this study were enriched and de-enriched in study, techniques of tissue preparation and data analysis
AP, respectively, to a similar degree as reported by oth- were selected to preserve cell structure, permit accurate
ers using the same technique [16]. Because cell fraction- identification of organelles, and optimize antigen detec-
tion. Specifically, postembedding staining was preferredation cannot definitively localize proteins to the cytosol,
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over pre-embedding because the former method en- nephron to A2 in conjunction with lysosomal proteases
could explain the presence of immunoreactive proteinshances antibody penetration into subcellular sites [32].
The tissue was processed in LR white resin to improve throughout the kidney (Fig. 1). These data warrant cau-
tious interpretation for two reasons: (1) blunt dissectionantigen detection [17], and prolonged fixation of renal
tissue in 2.5% glutaraldehyde was used to improve tissue could produce inadvertent cross contamination of cell
types, particularly in adjacent regions of the kidney, andpreservation while minimizing protein diffusion between
cell compartments. Finally, morphometric analysis was (2) markers known to be taken up by fluid-phase or
receptor mediated endocytosis are not compared withperformed to localize and quantitate the gold label accu-
rately [33, 34]. Using these fixation and morphometric A2 or B2 uptake.
Despite comparable binding and uptake kinetics, A2techniques, significant, specific immunogold was de-
tected in the lysosomal, vesicular/vacuolar, and cytosolic and B2 exhibited markedly different patterns of degrada-
tion. B2 had a short half-life (2 to 3 hours) and wascompartments of proximal tubules stained with antibody
directed against A2-f (Table 1). Gold particles within the no longer detected four hours after pulse labeling. In
contrast, A2 exhibited a biphasic pattern of degradation.cytosol appeared to be randomly distributed rather than
clustered adjacent to lysosomes, the site with the highest After a rapid initial phase of degradation, A2 showed a
much slower degradation rate (20.20 ng/h between 4density of immunoreactive protein. In addition, many
gold particles were found in close proximity to ribosomes and 24 hours after pulse labeling) with an estimated
half-life of about 34 hours. This is consistent with theknown to reside in the cytosol, decreasing the likelihood
of compartment misclassification. In addition, inade- observation that A2 could be readily detected in OK cells
by immunoblot analysis even after 24 hours (Fig. 7A).quate tissue fixation is unlikely to account for extra-
lysosomal staining for A2/A2-f because both B2 and ca- The long half-life of A2 may be partially due to alter-
ations at the amino terminus [4, 5]. This modificationthepsin B, low molecular weight proteins known to reside
in the lysosome [1, 10, 27], were restricted to this cellular markedly increases the resistance of proteins to lyso-
somal digestion [41].compartment (Tables 2 and 3).
Because it is difficult to assess ligand processing in Because the kidney does not synthesize A2, A2-f must
be derived from circulating A2 [8, 10]. Identification ofvivo, a series of in vitro studies of A2 and B2 binding,
uptake, and degradation were performed on RECs de- the specific enzymes and compartment(s) responsible
for processing A2 to A2-f has been complicated by therived from the OK. This cell line has been extensively
used to evaluate other exogenous ligands [35–37]. A2 inability to convert A2 to A2-f in vitro [10]. Although
we cannot directly assess the intracellular compartmentwas chosen for the in vitro studies based on in vivo
observations in the female rat. Both the induction of responsible for converting A2 to A2-f, our studies do
show that lysosomes participate in this process. Becausehepatic A2 synthesis (Fig. 5) and direct venous injections
of purified A2 [8] result in A2-f accumulation in the kid- the proteases responsible for release of the iodotyrosine
from [125I]-labeled A2 reside within the lysosome, accu-ney, suggesting that A2 is a physiologically relevant li-
gand. In vitro studies were performed to identify whether mulation of iodotyrosine requires lysosomal processing
[24]. These results are consistent with prior reports thatpreferential binding, uptake, or delayed degradation (or
a combination of these) accounts for the accumulation the limited proteolysis of A2 to A2-f involves both cathep-
sins D and L, two lysosomal endoproteases [9, 10]. Theseof A2 in RECs. The processing of A2 was contrasted to B2
for several reasons. Both proteins are sufficiently small to previous reports are also consistent with our observation
that both A2 and A2-f localize to the lysosomal proteinundergo glomerular filtration (11.7 vs. 18.6 kD for B2
and A2, respectively), both are anionic and both are fraction, whereas only A2-f can be detected in the high-
speed supernatant (Fig. 2). These studies do not excludepredicted to have an antiparallel b-pleated sheet, the
likely binding site for hydrophobic ligands [7, 13, 38]. the possibility that A2 is converted to A2-f in other cell
compartments, including the cytosol.The mechanism of protein uptake by the proximal
tubule is controversial. Several studies suggest that pro- Data in this study imply that either A2 or A2-f cross the
lysosomal membrane. Although few exogenous proteinstein uptake is receptor mediated [1, 27, 35, 36, 39],
whereas others emphasize fluid-phase endocytosis as the traverse membranes, protein translocation is not without
precedent. By ill-defined pathways, a small number ofprimary mechanism of uptake [3, 23, 28, 29, 40]. In our
in vitro studies, the lack of demonstrable saturation bind- nonphysiologic proteins, such as cholera B toxin and
diphtheria toxin, enter the cytosol of target cells [42].ing to OK cells is more consistent with fluid-phase than
receptor-mediated endocytosis of A2 and B2 (Fig. 6 A, More recently, a portion of the fruit fly antennapedia
protein was reported to directly traverse cellular mem-B). Because all segments of the nephron participate in
fluid-phase endocytosis [27] and A2 is the major urinary branes [43]. Given the paucity of physiologic examples
of exogenous proteins capable of accumulating in theprotein in the male rat [3, 23, 40], exposure of the entire
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